Abstract. Marek's disease (MD) is one of the most serious chronic infectious disease threats to the poultry industry worldwide. Selecting for increased genetic resistance to MD is a control strategy that can augment current vaccinal control measures. Although our previous efforts integrating various genomic screens successfully identified three resistance genes, the main limitation was mapping precision, which hindered our ability to identify and further evaluate highconfidence candidate genes. Towards identifying the remaining genes of this complex trait, we incorporated three additional approaches made substantially more powerful through next-generation sequencing and that exploit the growing importance of expression variation. First, we screened for allele-specific expression (ASE) in response to Marek's disease virus (MDV) infection, which, when allelic imbalance was identified, is sufficient to indicate a cisacting element for a specific gene. Second, sequencing of genomic regions enriched by chromatin immunoprecipitation (ChIP) combined with transcript profiling identified motifs bound and genes directly regulated by MDV Meq, a bZIP transcription factor and the viral oncogene. Finally, analysis of genomic sequences from two experimental lines divergently selected for MD genetic resistance allowed inference about regions under selection as well as potential causative polymorphisms. These new combined approaches have resulted in a large number of high-confidence genes conferring MD resistance reflecting the multigenic basis of this trait, which expands our biological knowledge and provides corresponding single-nucleotide polymorhpisms (SNPs) that can be directly evaluated for their genetic contribution towards disease resistance.
Introduction
Modern animal agriculture has been very successful meeting the growing demands of consumers worldwide for high-quality, safe and affordable animal products. This trend is most evident for the poultry industry. For example, in the past 40 years, poultry production has grown more than five-fold, making poultry the primary meat consumed in the USA. The USDA Economic Research Service predicts that this trend will continue in the USA for the foreseeable future, with red meat (beef, pork and lamb) consumption anticipated to decrease by more than 5% in the next 10 years, while poultry consumption is projected to increase by more than 8%! This same trend is also likely to follow outside the USA, with poultry meat production having increased 436% from 1970 to 2005, compared with 186% and 57% for pork and beef, respectively (FAO database, faostat.fao.org, verified 30 January 2012).
Several major issues confront the poultry industry today. With high-density chicken rearing and reduced genetic diversity from industry consolidation , control of infectious diseases and preventing disease outbreaks are critical for sustaining economic viability, maintaining public confidence in poultry products and enhancing animal welfare. Among diseases, MD, a lymphoproliferative disease of poultry caused by the highly oncogenic a-herpesvirus MDV, continues to be at or near the top of the list. The concern of MD is further enhanced by the unpredictable and spontaneous vaccine breaks that can result in devastating losses to poultry farms. Annual losses worldwide by MD due to meat condemnation and reduced egg production exceed US$1 billion (Purchase 1985) , which is a minimum estimate because the figure has not been revised to reflect inflation, new disease outbreaks or MDV-induced immunosuppression.
The main control strategy for MD is vaccination. The first USA vaccine was HVT, a related herpesvirus of turkey, introduced in the late 1960s (Okazaki et al. 1970; Witter et al. 1970) . Since then, additional vaccines with better efficacy have been introduced in response to field strains that are more pathogenic. While these vaccines are very effective in preventing MD and tumour formation, they are not sterilising, and thus, do not prevent infection or shedding of pathogenic MDV (Witter 2001) . Because both vaccine viruses and pathogenic MDV coexist in MD-vaccinated flocks, it is highly possible that these conditions are in part responsible for the evolution of strains with increasing virulence (Witter 1997) . On the basis of pathogenicity shifts, it has been suggested that a new MD vaccine is useful for~10 years (Kreager 1996) . Thus, in the long term, controls measures alternative to vaccines are needed to successfully control MD incidence.
The field of genomics offers one of the more exciting avenues for controlling MD and other diseases. While still in its formative years, by identifying quantitative trait loci (QTL) and genes that control heritable traits of agricultural importance, it is possible to select for birds with superior agricultural traits such as improved disease resistance via marker-assisted selection (MAS). Other positive attributes commonly cited for MAS include greater speed and accuracy than for traditional breeding. Furthermore, for infectious diseases, MAS would eliminate the exposure risk to elite flocks associated with handling a hazardous pathogen. The release of the chicken genome sequence (Hillier et al. 2004 ) and ongoing improvements only increase the power of this discipline.
As shown in Fig. 1 , previously, we combined (1) at the DNA level, QTL scans to identify genomic regions that influenced MD incidence, (2) at the RNA level, transcript profiling to identify genes that were differentially expressed between MD resistance and susceptible lines following MDV infection, and (3) at the protein level, virus-host protein-protein interaction screens that identified high-confidence genes associated with resistance to MD . The rationale for using more than one approach is that the strengths of each system can be combined to yield results of higher confidence. Another justification is that given the large volume of data produced by genomics, each method provides an additional screen to limit the number of targets to verify and characterise in future experiments. Efforts to experimentally characterise growth hormone (Liu et al. 2001) , stem-cell antigen 2 (Mao et al. 2010) , and major histocompatibility complex class II b chain (Niikura et al. 2007 ) validated their corresponding genes as influencing genetic resistance to MD.
Despite this success, we were able to explain only a fraction of the total variation accounting for genetic resistance to MD. The main limitation has been our mapping resolution when using linkage or association analyses. In other words, genetic mapping cannot resolve down to a single-gene level, which is desired for further validation and biological characterisation. This limitation is still present in genome-wide association studies that have tens of thousands of individuals with up to 1 million genotypes per individual, as evidenced by commentaries that address the 'missing heritability' (Maher 2008) . Because this limitation is shared with virtually every complex trait, and the likelihood that even whole genome sequences will not provide a resolution, we have been incorporating new strategies shown in Fig. 2 that largely overcome this obstacle.
Allele-specific expression in response to MDV infection
First inspired by the very modest differences in protein sequence divergence between humans and chimpanzees (King and Wilson 1975) , and later confirmed by whole genome sequence assemblies, it became logical to conclude that nonsynonymous substitutions were not sufficient to explain trait variation both within and among species. Thus, it was hypothesised that differences in gene expression (when, where, and how much) are a major contributor of phenotypic variation (Knight 2005; Wray 2007; Pastinen 2010) . Unfortunately, in stark contrast to protein coding variation, very little is known about the extent of variation in gene regulatory elements within populations. To make matters more difficult, even when sequence variation is known, it is extremely difficult to predict what polymorphisms will influence gene expression or, more importantly, which traits. Consequently, until one surveys for variation in gene expression and associated trait differences, and identifies the underlying sequences that account for these differences, our understanding of a genome, even those with a genome sequence similar to that of the chicken, will be limited. One technique to identify variation in gene expression is to screen for ASE. The concept is very simple, which also greatly adds to the power and attraction of this approach. For all genes of interest, the relative expression levels of the two alleles are compared within a RNA sample derived from an individual that is heterozygous for a measurable polymorphism such as a coding SNP (cSNP). When allelic imbalance or differential expression is observed, then a polymorphic cis-acting element must be present for that gene 'since allelic variation is by definition reflective of cis-acting influence' (Stamatoyannopoulos 2004) . The primary strength of the ASE approach is that extraneous ('trans-acting') effects are eliminated, because the two alleles being compared are present in the same diploid cell. Thus, allelic imbalance immediately identifies a gene with an allele as being under the influence of a polymorphic cis-acting regulatory element and, therefore, within the transcriptional regulatory region in which the gene in question resides. This does not mean that trans-acting factors do not influence or modulate the expression of a specific allele, but does mean that when unequal expression of alleles is observed, it is sufficient to indicate a cis-acting or genetic element. More importantly, because genetic factors that influence transcriptional regulation in cis are generally in close proximity to the gene itself, identification of a cis-acting regulatory element essentially identifies a specific gene or locus that is most likely to contain the polymorphism leading to the allelic expression imbalance. Alternatively, another mechanism for allelic imbalance in the absence of a polymorphism is imprinting which parent-of-origin determines allelic expression; however, imprinting has not been observed in chickens (O'Neill et al. 2000) , presumably due to the absence of specific DNA methyltransferases (Yokomine et al. 2006) .
We have conducted a genome-wide ASE screen for chicken non-major histocompatibility complex genes that respond to MDV infection, with preliminary results reported (MacEachern et al. 2011) . The experiment was performed in the following three steps: (1) generation of the samples, (2) transcriptome sequencing of limited samples, followed by analysis to identify cSNPs and, when found, preliminary evidence for ASE in response to MDV infection, and (3) validation of results by screening all samples with selected cSNPs.
To generate the RNA samples, highly inbred experimental Line 6 (MD resistant) and Line 7 (MD susceptible) birds were intermated to maximise the number of genes heterozygous for each cSNP. Reciprocal matings were conducted to allow for possible maternal or imprinting influences on gene expression. The progeny from each reciprocal cross were split, with half uninfected and the other half infected with MDV (2000 plaque forming units, JM strain) at 2 weeks of age. Twelve F 1 birds from each treatment group were killed at 1, 4, 7, 11, 13 and 15 days post infection (dpi), splenic tissue was recovered and the RNA isolated. Genomic DNA from 12 F 1 birds for each mating direction was also recovered to act as assay controls, i.e. allelic ratio of each gene is known to be 1 : 1.
ASE assays require a cSNP to monitor the abundance of each expressed allele. To get a cost-efficient, genome-wide and unbiased survey of cSNP(s) within all of the expressed genes, and an indication of ASE, two replicate RNA pools consisting of six uninfected or six MDV-infected F 1 birds at a single time point (4 dpi) and each reciprocal mating were sequenced using a next-generation sequencer (Illumina GA, Illumina, San Diego, CA, USA). The reads were aligned to the chicken genome (Version 2.1) with MAQ (Version 0.50; http://maq. sourceforge.net/maq-man.shtml, verified 30 January 2012). FastQ files were initially parsed, and all adaptor sequences were removed as were poor-quality reads (quality scores <40). Alignments were parsed and transcripts examined for the presence of cSNPs that differentiated alleles in the two inbred lines. After filtering, 14-17+ million reads were mapped per treatment group and 22 655 high-quality cSNPs were identified. As exemplified in Fig. 3 , our main interest was to identify cSNPs (and genes) where the allelic expression ratios were altered as a result of MDV infection. Statistical analysis revealed that 5360 (23.6%) cSNPs in 3773 genes exhibited a statistically significant allelic imbalance in response to MDV infection.
To economically validate and extend the results, 1536 selected SNPs were screened on RNA samples from all F 1 birds by using Illumina GoldenGate arrays (Illumina, San Diego, CA, USA). We performed an analysis of variance for ASE in each cSNP, sex, reciprocal cross and infection status across all dpi and tested the interaction of each factor with infection. The results show that expression of each cSNP varied greatly, and that infection, dpi and cross were all factors that significantly affect rates of expression. No significant interactions were detected for sex · infection and cross · infection; therefore, there is little evidence of maternal or epigenetic effects in response to MDV infection. However, a significant interaction was detected for dpi · infection and dpi · cross · infection that indicates that infection status has a significant impact on the expression levels in these genes. The key result is that 1184 (96%) of the 1233 cSNPs showed evidence for ASE in response to MDV infection. Thus, extrapolating to the 5360 SNPs exhibiting ASE, we have identified potentially 3773 genes between our two lines that may account for their differences in genetic resistance to MD.
ChIP seq for genes directly regulated by MDV Meq
Genetic resistance to MD is characterised by the lack of tumours or nerve enlargements following exposure to MDV. MDV Meq is a bZIP transcription factor and the likely MDV oncogene (Jones et al. 1992; Lupiani et al. 2004) , suggesting that one pathway for resistance is the inability of Meq to regulate the transcription of specific genes in individuals resistant to MD, thereby failing to initiate transformation. Therefore, it is of interest to define DNA-binding sites and the genes that are directly regulated by Meq. Previous work with ChIP has shown that Meq binds to specific sites on the MDV genome that are dependent on whether Meq is a homodimer or a heterodimer with c-Jun (Levy et al. 2003) . Also, different forms of Meq are expressed and, in general, the full-length form is highly expressed during viral latency and in MD tumours, while the Meq-vIL8 variant, which shows no transactivation ability, is expressed at low levels during lytic replication. Recent advancements in sequencing and bioinformatics analyses can identify and define the sequences in the chicken genome bound by Meq alone or in combination with c-Jun, the preferential dimerisation partner for Meq. The identification of DNA-binding sites combined with DNA microarray analyses that profile genes regulated by Meq may reveal positional candidate genes that confer genetic resistance to MD.
Thus far, using the DF1 cell line (Himly et al. 1998 ) and DF1 stably transfected and expressing Meq, ChIP seq analysis using Bowtie (Langmead et al. 2009 ) and QuEST (Valouev et al. 2008) have identified 22 334 and 19 360 genomic regions that bind Meq and c-Jun, respectively. Examining only the highest-scoring 1000 peaks, there are 3031 and 2092 genes within 2 Kb of the Meq and c-Jun binding sites, respectively, with 602 of the peaks in common. Motif analysis for the Meq-binding sites have confirmed existing motifs (TGACA/GTCA and ACACA) (Levy et al. 2003) as well as identified several potential new ones. In parallel, the same cells were processed on Affymetrix DNA microarrays to reveal differentially expressed genes. Integrating the ChIP seq results with microarray analysis revealed 351 genes that were within 2 Kb of the highestscoring Meq-binding peaks, as well as being differentially expressed. Pathway analysis has suggested enrichment of genes in the mitogen-activated protein kinase and WNT signalling pathways for MDV-induced transformation, both of which are key pathways for detecting extracellular ligands, regulating cellular growth and carcinogenesis.
Thus, these results have provided genomic sequences and genes that are directly regulated by MDV Meq. Of the 351 candidate genes directly regulated by Meq, 318 exhibit ASE in response to MDV infection, suggesting that binding and transcription regulation by Meq is a probable molecular mechanism. If true, it is of particular interest to see whether the 'Meq-regulated' genes are more likely to influence MD than are the other genes exhibiting ASE in response to MDV infection.
Genomic resequencing to identify regions under selection
The genomes of Lines 6 (MD resistant) and 7 were sequenced with paired end reads of fragments averaging 2.5 Kb between the ends. After quality trimming, the reads were aligned (chicken build 2.1) by using ABI Bioscope (Life Technologies Corp., Carlsbad, CA, USA) and SNPs were called using Samtools pileup (Li et al. 2009 ). Because these lines are from the same base population, the impacts of bidirectional selection on the genome were found by limiting the SNPs to those fixed for alternative alleles between lines. Next, haplotypes were formed where successive chromosomal fixations occurred in the same direction. The strength of selection is reflected in chromosome haplotype length (CHL), i.e. the hitchhiking effect (Maynard Smith and Haigh 1974) . CHLs of~60 Kb in length, successively fixed in the same direction segmented by CHL of decreasing length where recombination events occurred before complete fixation, have been observed. Although these results are still preliminary,~25% of the ASE SNPs are in common with genes detected in this manner. Given that there are~23 000 genes in the poultry genome, of which >16% show ASE, this association between ASE and regions showing CHL is highly significant.
Conclusions
The field of genomics has and continues to be heavily influenced by new or improved technologies such as next-generation sequencing. However, the use of these technologies is not sufficient for major gains, which is why we are incorporating them in novel ways with other existing tools or methods to achieve optimal power. It is in this context that we screened for ASE in response to MDV infection. As early as 2002, Yan et al. (2002) demonstrated that variation in allelic expression could identify specific genes for complex traits. This concept was extended to genome-wide screens in the seminal work by Brem et al. (2002) , where they combined DNA microarrays with genotyping to identify expression or eQTL. While appealing in their power, eQTL screens have the same limitations as inherent in QTL mapping, namely that the resolving power is normally not sufficient to identify specific genes. It was not until ASE screens that capitalised on SNP chips (e.g. Serre et al. 2008 ) and the next-generation sequencing (e.g. Pickrell et al. 2010) were used to monitor the expression of both alleles of a gene that genomic screens had the resolving power to identify specific genes accounting for expression variation.
ASE screens are particularly attractive to identify candidate genes for genetic resistance to infectious pathogens. This is because of the simplistic method where one just compares the cSNP ratios between samples from two states, uninfected v. infected. Our results suggest that many genes (3700+) with a genetic basis account for the differences in MD incidence between our two chicken lines. This is not surprising, given the sensitivity of our ASE screens and the growing consensus that complex traits are controlled by many genes. Our results are consistent with those found in a much larger mouse study where 41% of the 15 884 genes surveyed showed ASE (Keane et al. 2011) . Most interestingly, polymorphisms associated with exons, introns and flanking regions are more likely to be largeeffect QTL than those in intergenic positions, which also suggests a significant role for transcriptional regulation. However, until additional studies are conducted, it is speculative to determine the extent that gene regulation and ASE account for in complex traits.
The inclusion of ChIP seq using anti-Meq antibodies and resequencing of our divergently selected lines provides additional knowledge and power on the underlying mechanisms and polymorphisms that may account for the ASE response and, thus, genetic resistance to MD. This also helps highlight how screens at different levels synergise each other and provide more meaningful results.
In conclusion, the incorporation of new technologies that primarily survey transcriptional variation and their underlying mechanisms shows great promise in identifying the molecular and genetic basis of complex traits, such as genetic resistance to MD. In our case, the ultimate proof and validation lies in whether the cSNPs identified in our ASE screens are associated with MD incidence and can be utilised in genomic selection to improve commercial poultry lines.
